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The adenovirus E1A 243R oncoprotein encodes a potent transcription-repression function within the N-terminal 80 amino acids. Our proposed
model of E1A repression predicts that E1A interacts with important cellular proteins on chromatin. Consistent with this idea, we report here that
E1A proteins from in vivo formaldehyde cross-linked 293 cells are closely associated with chromatin even after several stringent purification steps
including double isopycnic CsCl density gradient centrifugation and size exclusion chromatography. Likewise, E1A proteins expressed from virus
during productive infection of HeLa cells are closely associated with chromatin starting at early times after infection. No other adenoviral proteins
are necessary for E1A 243R protein to associate with chromatin. Analyses of chromatin from HeLa cells infected with adenovirus vectors
expressing E1A 243R protein with deletions in different E1A functional domains indicate that sequences within the E1A N-terminal repression
domain are needed for the majority of E1A's interactions with chromatin.
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The E1A oncogene is the first viral gene expressed during
productive infection of cells with human adenoviruses (Ad)
and is essential for virus replication. There are two major
isoforms of group C Ad E1A proteins of 243 and 289 amino
acid residues (E1A 243R and E1A 289R) that are synthesized
from alternatively spliced RNA transcripts (reviewed in
Shenk, 2001). The multifunctional E1A 243R protein encodes
a potent transcription repression function within the N-
terminal 80 amino acids (Song et al., 1995a,b,c, 1997; Boyd
et al., 2002; Loewenstein et al., 2006; Green et al., submitted
for publication). We have proposed a two step molecular
model for E1A repression (Loewenstein et al., 2006; Green
et al., submitted for publication). E1A gains access to⁎ Corresponding author. Fax: +1 314 977 8798.
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doi:10.1016/j.virol.2007.10.021repressible promoters through interaction with cellular
partners, that include p300, as molecular scaffolds. E1A can
then interact with the basal transcription machinery where it
binds TBP and disrupts TBP–TATA interaction thus aborting
transcription-initiation. We have previously identified the E1A
N-terminal sequences essential for E1A repression that
interact with p300 and TBP and those that are needed to
disrupt TBP–TATA complex formation. One consequence of
the proposed model of E1A repression is that E1A must
associate at one time or another with chromatin in living cells.
But E1A is not a DNA binding protein in vivo (Chatterjee
et al., 1988; Avvakumov et al., 2002), therefore, any interac-
tion with chromatin must be through E1A's N-terminal as-
sociated cellular protein partners.
In vivo formaldehyde cross-linking is a valuable tool to
investigate the interaction between E1A proteins and chromatin
since formaldehyde is capable of creating protein–protein and
protein–DNA cross-links. It is a particularly facile reagent
because it can be used to rapidly fix intact cells and its cross-links
can be reversed under relatively mild conditions. Importantly,
formaldehyde cross-links occur between appropriate biological
2 Rapid Communicationmolecules when they are in a molecular proximity of 2 Å or less
(Orlando and Strutt, 1997; Orlando, 2000). Close proximity
implies a functional relationship. To investigate the associa-
tion of E1A with chromatin we have used formaldehyde cross-Fig. 1. A portion of E1A proteins in HEK 293 cells is closely associated with chr
isopycnic centrifugation on CsCl gradients. (A) Fractions containing chromatin and f
and subjected to a second CsCl centrifugation. (B) EtBr staining and E1A immunobl
E1A proteins band reproducibly at the top of the gradient. (C) EtBr staining and E
showing that E1A protein associated with chromatin faithfully co-equilibrates with c
cross-linked with formaldehyde dissociate from chromatin DNA in the high salt cond
proteins equilibrate at the top of the gradient and are not artificially associated with D
293 cells remain closely associated with chromatin after stringent purification. (Up
centrifugation on a CsCl gradient. (Lower panel) Chromatin containing fractions fro
chromatography. E1A remained closely associated with chromatin in the excluded fra
absorbance at A280.linking of living cells followed by CsCl density gradient equi-
librium centrifugation to purify chromatin bound to its closely
associated proteins. Using these stringent conditions, we dem-
onstrate here that E1A 243R associates closely with chromatinomatin. Chromatin from formaldehyde cross-linked 293 cells was subjected to
ractions at the top of the gradient containing free proteins were separately pooled
ot analysis of the second CsCl gradient of the “free E1A pool” showing that free
1A immunoblot analysis of the second CsCl gradient of the “chromatin pool”
hromatin after a second CsCl gradient. (D) E1A proteins in HEK 293 cells not
itions of a CsCl gradient. EtBr staining and E1A immunoblot shows that all E1A
NA at the bottom of the gradient. (E) E1A proteins in formaldehyde cross-linked
per panel) Chromatin from cross-linked 293 cells was subjected to isopycnic
m the CsCl gradient were pooled and subjected to Superose 12 size exclusion
ctions (fractions 8 and 9) as indicated by immunoblot analysis. Y-axis values are
Fig. 1 (continued ).
3Rapid Communicationand that sequences within the N-terminal repression domain are
important for this interaction.
Results
E1A proteins are closely associated with chromatin in
Ad transformed human cells
The HEK 293 cell line was generated by transformation of a
normal human embryonic kidney cell culture with sheared Ad5
DNA (Graham et al., 1977) which involved integration of
∼4.5 kb of DNA from the left arm of Ad DNA into the host
genome (Louis et al., 1997). 293 cells constitutively express
high levels of both E1A 243R and E1A 289R. Formaldehyde
was used to cross-link closely associated intracellular proteins to
chromatin in cultured 293 cells. Chromatin was isolated from
nuclei and sonicated to produce soluble fragments of ∼500–
2000 bp as described in Materials and methods. Chromatin
fragments were purified and separated from free nuclear proteins
by isopycnic centrifugation for 72 h in CsCl density gradients.
Gradient fractions were collected and chromatin DNAvisualized
by agarose gel electrophoresis followed by staining with
ethidium bromide (EtBr). Fractions containing E1A proteins
were identified by immunoblot analysis using E1A specific
antibody that detects both E1A 243R and E1A 289R proteins.Chromatin containing fractions which equilibrate near the
middle of the CsCl gradient at a buoyant density of ∼1.35–
1.43 g/cm3 contain appreciable amounts of E1A protein,
whereas fractions at the top of the gradient at a density of
∼1.24–1.31 (see Fig. 1A) contain the majority of E1A as free
protein. To determine whether E1A protein associated with
chromatin represents contamination with free E1A protein,
fractions containing chromatin and fractions containing free
E1A protein were separately pooled and subjected to a second
round of CsCl density gradient centrifugation. E1A protein in
the second gradient of the free protein pool equilibrated at the top
of the gradient as expected (Fig. 1B). Significantly, E1A protein
in the double purified chromatin-containing fractions remained
associated with chromatin (Fig. 1C). These results demonstrate
that E1A proteins are closely associated with chromatin and
consequently are cross-linked to chromatin in 293 cells.
When chromatin from non-cross-linked 293 cells was
examined by CsCl centrifugation, all E1A protein equilibrated
at the top of the CsCl gradient at the position of free protein and
is clearly not associated with cell DNA (Fig. 1D). This is due to
the fact that the high salt environment of a CsCl gradient
dissociates non-covalently-linked proteins from DNA in non-
cross-linked cells (Orlando and Strutt, 1997).
To provide further evidence that free E1A protein does not
contaminate chromatin fractions, chromatin from cross-linked
Fig. 3. E1A 243R expressed in HeLa cells by infection with Ad/CMV-E1A
243R closely associates with chromatin. Shown are E1A immunoblots of the
chromatin-containing fractions from the second CsCl gradient.
4 Rapid Communication293 cells after purification by CsCl density gradient centrifu-
gation was subjected to size exclusion chromatography on
Superose 12. As shown in Fig. 1E, E1A protein co-purified with
the excluded chromatin peak. Since E1A proteins are not
sequence-specific DNA binding proteins (Chatterjee et al.,
1988; Avvakumov et al., 2002), we conclude that a portion of
the E1A proteins in the HEK 293 transformed cell line closely
associates (within 2 Å) with chromatin because of specific
interactions with promoter-bound transcription regulatory
proteins (see Discussion).
E1A proteins expressed in Ad infected HeLa cells are bound to
chromatin
Because E1A proteins are expressed constitutively in 293
cells, association with chromatin may not represent a natural
function of E1A during virus replication. To explore this
possibility, HeLa cells at 24 h after productive infection with
Ad2 were cross-linked and chromatin isolated and subjected toFig. 2. (A) A portion of E1A proteins expressed in Ad2 infected HeLa cells is
bound to chromatin. EtBr staining and E1A immunoblot analysis of chromatin-
containing fractions from formaldehyde cross-linked Ad2 infected (30 moi)
HeLa cells (24 h post-infection) after two rounds of isopycnic CsCl
centrifugation. (B) E1A proteins associate with chromatin beginning at early
times after Ad2 infection. Replicate flasks of HeLa cells were infected with 30
moi of Ad2. Cells were cross-linked with formaldehyde at the indicated times
post-infection, chromatin isolated, and subjected to two rounds of isopycnic
centrifugation on CsCl density gradients. Shown are E1A immunoblots of the
density gradient fractions at different times after infection. Approximately equal
amounts of chromatin from each time point were analyzed.two rounds of CsCl centrifugation. As with 293 cells, a portion
of E1A protein expressed from adenovirus is closely associated
with chromatin (Fig. 2A). In other experiments, semi-quantita-
tive immunoblot analysis by ECF (GE Healthcare) showed that
from 8% to 12% of E1A proteins in HeLa cells at 24 h after
infection are closely associated with chromatin (data not shown).
The association of E1A protein with chromatin occurs at early
times during productive infection
The interaction of E1A proteins with chromatin implies
functional significance. Another indication of functional
significance would be the association of E1A with chromatin
at early times after productive infection, as opposed to E1A
association with chromatin only at late times which could reflect
pathological aftermaths of virus replication and cell lyses. To
explore this possibility, HeLa cells were infected with Ad2 and
chromatin cross-linked, isolated and purified by double CsCl
centrifugation at 4 h, 6 h, 8 h, 12 h, and 24 h after infection.
Shown in Fig. 2B are the chromatin-containing fractions from
the second gradient probed for E1A protein by immunoblot
analysis. E1A is first detected at 4 h at a density of 1.39. By 6 h,
E1A is found in all chromatin-containing fractions. As might be
expected, as the concentration of E1A within the cell increases
over time, the amount associated with chromatin also increases.
These findings imply that E1A associates with chromatin in a
functional manner early after infection.
Expression of E1A 243R alone is sufficient for association of
E1A protein with chromatin
The interaction of E1A proteins with chromatin during
productive infection with Ad2 may reflect a unique property of
E1A or may require the functions of other Ad proteins.
Additionally, experiments described thus far do not determine
whether E1A 243R, E1A 289R, or both E1A proteins associate
with chromatin. To determine whether E1A 243R can by itself
associate with chromatin, HeLa cells were infected with an Ad
vector expressing only the E1A 243R protein. Cells were cross-
linked with formaldehyde at 36 h after infection and cross-
linked chromatin was subjected to two CsCl density gradient
centrifugations. Immunoblot analysis showed that double CsCl
gradient purified chromatin contains closely associated E1A
243R protein (Fig. 3). These results lead to the conclusion that
association with chromatin is a distinct property of the E1A
243R oncoprotein that requires no other viral proteins.
5Rapid CommunicationWhen chromatin from cross-linked Ad2 infected HeLa cells
was analyzed by immunoblot analysis using antibody directed
against E1A conserved domain 3 which is specific for E1A
289R, E1A protein was also found associated with chromatin
(data not shown). Together, these findings suggest that protein
domains common to both E1A 243R and E1A 289R proteins
are important for interaction with chromatin.
E1A N-terminal sequences required for the E1A transcription
repression function are important for association of the E1A
243R oncoprotein with cellular chromatin
Because E1A 243R is a multifunctional transcription
regulatory protein whose multiple domains interact with a
number of key cellular proteins, it was of interest to determine
which domains are important for interaction of E1A 243R with
chromatin. HeLa cells were infected with Ad vectors expres-
sing: (i) full length E1A 243R; (ii) an E1A 243R triple mutant
with deletions in the binding sites for TBP and p300 within the
N-terminal domain, the Rb binding site domain, and the CtBP
binding site domain (dl1101/1108/1135); (iii) an E1A 243R
mutant with deletions in the N-terminal domain and the Rb
binding site (dl1101/1108); and (iv) an E1A 243R mutant with
deletions of both the Rb and CtBP binding sites (dl1108/1135).
Cross-linked chromatin was isolated at 36 h after infection,
subjected to two CsCl density gradient fractionations, and CsCl
fractions analyzed by immunoblot for E1A protein. As seen in
Fig. 4, chromatin fractions from both wild type E1A 243R and
dl1108/1135, both of which have an intact N-terminal domain,
contained E1A protein cross-linked to chromatin. In contrast,
chromatin fractions from the triple mutant and dl1101/1108 didFig. 4. Sequences within the E1A N-terminus are needed for the majority of E1A's in
with Ad/CMV/V5-DEST vectors (30 moi) expressing (i) full length E1A 243R, (ii) E
site, and CtBP binding site, (iii) E1A 243R dl1101/1108 containing deletions in the N
deletions in the Rb and CtBP binding sites. Cells were cross-linked with formalde
gradient centrifugation. Shown are E1A immunoblot analyses of the fractions fromnot contain E1A detectable by immunoblot analysis. These
results show that sequences within the E1A N-terminus are
needed for the majority of E1A's interaction with chromatin.
Discussion
Our working model of E1A transcription-repression (Loe-
wenstein et al., 2006) and the results of transient expression
analysis (Green et al., submitted for publication), predict that a
fraction of E1A protein molecules within infected and
transformed cells should interact with chromatin through
binding one or more of E1A's cellular partners. To test this
prediction experimentally, formaldehyde was used to cross-link
proteins to chromatin in living cells. As reported here, E1A
proteins are found closely associated with chromatin in 293 cells
which constitutively express E1A (Fig. 1). Additionally, E1A
protein from productively infected HeLa cells is closely asso-
ciated with chromatin (Fig. 2A). Of additional significance, E1A
associates with chromatin at early times after infection when the
functions of E1A are critical for virus replication (Fig. 2B).
These findings taken together strongly argue for the functional
interaction of E1A protein with chromatin.
E1A interacts with multiple cellular partners that are in-
volved in functions including transcription repression, tran-
scription activation, histone acetylation, chromatin remodeling
and cell cycle regulation. For example, E1A C-terminal con-
served region 4 (CR4) interacts with CtBP corepressor mole-
cules (Chinnadura, 2006), CR3 interacts with the mediator
complex (Berk, 2005), CR1 and CR2 interact with Rb protein
family members (Berk, 2005), and the N-terminal repression
domain which includes the non-conserved N-terminus and CR1teraction with chromatin. Monolayer cultures of HeLa cells (T150) were infected
1A 243R dl1101/1108/1135 containing deletions in the N-terminus, Rb binding
-terminus and the Rb binding site, and (iv) E1A 243R dl1108/1135 containing
hyde at 36 h post-infection, chromatin isolated, and subjected to CsCl density
the various density gradients.
6 Rapid Communicationinteract with p300/CBP, TBP, TRRAP, GCN5, PCAF, as well as
p400 (reviewed in Frisch and Mymryk, 2002). Any of these
proteins could logically be involved in the functional associ-
ation of E1Awith chromatin. Interestingly, it has been reported
that E1A can alter chromatin structure through interaction with
p130 on some E2F site containing promoters thus activating
transcription (Ghosh and Harter, 2003).
In terms of the E1A transcription-repression function, it is of
interest that E1A 243R in the absence of other viral proteins is
capable of interacting with chromatin (Fig. 3). Analyses using
Ad vectors expressing E1A 243R mutants with deletions in
functional domains show that the N-terminal repression domain
is needed for the majority of E1A's association with chromatin
(Fig. 4) as predicted by our model for E1A repression. It is
intriguing that the regions within the N-terminus that are impor-
tant for chromatin association and for the transcriptional
repression function are essential for the immortalization and
cell transformation functions of E1A. The downstream genes
that are the ultimate targets of the E1A functions remain largely
unknown.Muchmore work is needed to identify these genes and
to understand the E1A functions that modulate their expression.
Materials and methods
Cell culture
A clonal line of HEK 293 cells (Invitrogen) and HeLa cells
(ATTC#CCL-2) were grown in monolayer culture in DME/10%
fetal bovine serum. Infection with Ad2 and Ad vectors was
carried out as described (Green and Loewenstein, 2005).
Construction of Ad vectors expressing E1A 243R with deletions
in functional protein domains
Plasmids expressing Ad5 E1A 243R deletion mutants were
kindly provided by Stan Bayley (Howe et al., 1990). E1A
sequences were transferred in two steps into the replication-
deficient Ad vector pAd/CMV/V5-DEST (Invitrogen Gateway
system; deleted in E1A, E1B, and E3). E1A 243R from pLE2/
520 and E1A 243R Δ2–25/124–127 from pLE2 dl1101/1108/
520 were directionally cloned into the topoisomerase-bound
cloning site which lies between two lambda aatL recombination
sites in the entry vector pENTR/SD/D-TOPO (see Green and
Loewenstein, 2005 for description). Clones were sequenced to
assure fidelity. The E1A 243R and E1A 243R dl1101/1108
sequences located between the two aatL sites of the entry vector
were exchanged with the DNA fragment located between the
two aatR sites in the destination vector pAd/CMV/V5 DEST
using the LR clonase reaction (Invitrogen). The resulting Ad
E1A expression vectors were linearized by digestion with Pac I,
transfected and amplified in HEK 293 cells, purified by CsCl
gradient centrifugation, and titered in HEK 293 cells as
described (Green and Loewenstein, 2005).
The Ad vector expressing E1A 243R dl1011/1108/1135 was
constructed as follows. First, pUC 243R dl1135 (expressing
E1A 243R Δ225–237), kindly provided by G. Chinnadurai
(Chinnadura, 2006), was used as template to clone E1A 243Rdl1135 into pENTR/SD/D-TOPO by the method described
above. Second, pENTR 243R dl1101/1108 and pENTR 243R
dl1135 were digested with NcoI (immediately upstream of the
N-terminal E1A 243R cloning site) and XbaI (internal to E1A
243R). The NcoI→XbaI fragment from pENTR 243R 1101/
1108 (contains the E1A 2–25 and 124–127 deletions and E1A
sequences up to the XbaI site) were purified with a gel puri-
fication kit (Qiagen). Likewise, the large XbaI→NcoI fragment
from pENTR 243R dl1135 (contains E1A C-terminal sequences
including the E1A 225–237 deletion and most of the pENTR
vector) was purified. These two fragments were ligated to create
the vector pENTR E1A 243R dl1101/1108/1135. In a similar
manner, the NcoI→XbaI fragment from pENTR 243R dl1108
was isolated and ligated with the XbaI→NcoI fragment from
pENTR 243R dl1135 to generate pENTR E1A 243R dl1108/
1135. The E1A 243R constructs were transferred to pAd/CMV/
V5-DEST and the adenovirus expression vectors amplified and
purified as described above.
Purification of chromatin from formaldehyde cross-linked cells
T150 flasks of Ad infected HeLa cells or 293 cells were
cross-linked with formaldehyde and nuclei isolated as described
in Takahashi et al. (2000). Nuclei suspended in 3 ml of
sonication buffer (10 mM Tris–HCl, pH 8.0, 1 mM EDTA,
0.5 mM EGTA) were sonicated in 15 ml conical centrifuge
tubes on ice under conditions that yield chromatin fragments of
200 to 2000 bp. Three milliliters of additional buffer plus 4.0 g
of CsCl were added to each sonicate to provide a density of
∼1.39–1.40. The chromatin suspensions were placed in
polyallomer tubes in a SW 41 rotor, filled to the top with
mineral oil, and centrifuged in a Beckmann L90 centrifuge at
28,000 rpm for 72 h at 22 °C. Fractions of ∼300 μl were
collected from the bottom of each centrifuge tube. The density
of each fraction was determined by weighing 100 μl aliquots.
Each fraction was dialyzed against sonication buffer supple-
mented with 10% glycerol at 4 °C to remove CsCl.
Immunoblot analysis
Aliquots of 10–20 μl of dialyzed chromatin fractions were
heated for 45 min at 95 °C in LDS sample buffer (Invitrogen) to
reverse cross-links and denature proteins. Proteins were
resolved on NuPage 4–12% Bis–Tris gels and transferred to
nitrocellulose membranes (Invitrogen). Immunoblots were
probed with E1A polyclonal antibody (Santa Cruz SC-430)
and developed using enhanced chemiluminescence reagents
(SuperSignal West Femto, Pierce). Semi-quantitative immuno-
blot analysis was performed by developing blots with ECF
reagent (GE Healthcare) followed by analysis on a Storm 840
Phosphorimager (GE Healthcare).
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